Summary. Most female mosquitoes require a meal of blood that provides protein for egg maturation. For reproduc-'tion to occur, two behavioral sequences are essential. One is concerned with finding a host for the blood meal and the other in finding a site on which to lay the eggs that result. Stimuli from both hosts and oviposition sites initiate the reproductiVe behaviors of host-seeking and pre-oviposition, respectively, that are discussed in this review. After sensory receptors perceive these stimuli, the central nervous system must integrate the information and associate it with a biologically appropriate response. Host-seeking appears to be the default behavior, expressed whenever host stimuli are present. However, if the female is successful in locating a host and ingesting blood, subsequent host-seeking is inhibited when the meal distends the abdomen above a certain threshold. Host-seeking inhibition continues during egg development as a result of a humoral mechanism even after the blood volume has been reduced by digestion. At the time when eggs are maturing and host-seeking is inhibited, pre-oviposition behavior predominates if the central nervous system receives oviposition site stimuli. This behavior is also initiated by a humoral factor. Several physiological states, including insemination, age, and nutrition, can modulate both host-seeking and preoviposition behaviors.
Introduction
Among the numerous reasons for the success of insects is their ability to engage in relatively complex behaviors in spite of a simple nervous system that must operate under the constraints that a small body size imposes. This is possible because many of these stereotyped behaviors are genetically programmed into the central nervous system and are released by various exogenous or endogenous stimuli: The eclosion behavior of Lepidoptera is a wellunderstood ;example of this behavioral control mechanism, in which a neurosecretory peptide, eclosion hormone, acts directly on the nervous system to release motor patterns necessary for ecdysis 171' 17,-176. The expression of this behavior may be modulated by endogenous factors that reflect the physiological state of the insect when the stereotyped behaviors may be biologically inappropriate 136. The elegance of this system reflects the economy to which mechanisms controlling insect behavior have been forced to conform. This review will attempt to summarize what is known about the role and identity of the endogenous factors that regulate the reproductive behavior of female mosquitoes. The discussion of reproductive behavior will be restricted to the endogenous regulation of two events that define the gonotrophic cycle, so named because of the relationship between feeding and reproduction, involving the behaviors that first allow the female mosquito to find a reproductive meal, and then to locate an aquatic site on which to lay the eggs that develop. The exogenous stimuli that initiate these behaviors, including various host odors and volatile components characteristic of oviposition sites, have been discussed elsewhere 1, 21, 24, 70,160 and will not be considered in this review. As with eclosion behavior in Lepidoptera, humoral factors appear to release programmed beiaaviors, the expression of which may be modulated by the physiological state of the mosquito. Some mosquito species are autogenous and carry over adequate protein reserves from the larval stage that are used to mature their first egg batch. However, in the majority of species which are anautogenous, the ingestion of a blood meal is the only way the adult female can obtain sufficient protein for egg maturation. In order to first find a source of blood, it is necessary for the mosquito to engage in a series of behavioral programs collectively referred to as host-seeking, with blood ingestion or biting, influenced by a different series of cues, as the terminal step 109. Roth 152 emphasized the differences between host-seeking and biting by demonstrating that although removal of the antennae abolished hostseeking behavior, these same mosquitoes would bite if placed directly on the host. Host-seeking ordinarily occurs when the female perceives exogenous host stimuli 1.12, zl, 24, 70,109, 160 but after blood is ingested the behavior is generally inhibited by endogenous factors until after the eggs are laid. While the eggs are maturing and host-seeking behavior is suppressed, the female becomes more sensitive to oviposition site stimuli, and another behavioral program, preoviposition, is then initiated by endogenous substances when accompanied by exogenous stimuli from oviposiReviews Experientia 46 tion sites. This change in her behavior from seeking a host to seeking an appropriate place for oviposition is necessary in order for this terrestrial adult to locate a suitable site for the future development and survival of the larvae. Because larvae are aquatic, their survival depends on the proper placement of eggs by the female. Oviposition behavior, consisting of egg deposition, appears to be governed by another series of cues involving close-range substrate recognition 2'38'9~ 156 After the eggs are laid, pre-oviposition behavior is terminated and the female resumes host-seeking behavior in search of another source of protein for a subsequent batch of eggs. Searching for blood and laying the eggs that are produced are events that define the beginning and end of the mosquito gonotrophic cycle. Depending on the longevity of the species, a female mosquito may complete from one to as many as thirteen cycles in her lifetime 45. With each attempt to feed comes the possibility that a mosquito infected with a parasite may transmit it, and for this reason, the frequency of feeding is one important factor in establishing the vector status of a species. It has often been assumed that only one blood meal is ingested during each gonotrophic cycle, placing an upper limit on the number of times an individual female will ingest blood z29. Environmental conditions are probabty most influential in modifying the expression of mosquito behavior 10, and under certain conditions, multiple feeding during a single gonotrophic cycle may occur, which increases the opportunity for acquiring and transmitting pathogens 5,14,26. Laboratory experiments have demonstrated that pathogen transmission may occur when two blood meals are ingested during a single gonotrophic cycle 107,133. Because the two behavioral events that define the gonotrophic cycle also influence the frequency of blood-feeding, it is essential that we first understand the mechanisms that regulate these behaviors if we ever hope to fully understand the role of mosquitoes as vectors.
Endogenous regulation of host-seeking behavior
Regulation of behavior after adult emergence. Mosquitoes reared under sub-optimal conditions as larvae fail to attain their potential maximum adult size 178, and in the laboratory a significant proportion of these small adults also fail to engage in host-seeking behavior 1~176 172. Of those mosquitoes that do seek a host, many may require two blood meals in order to mature a batch of eggs 6o. In the field, Nasci 140. i41 has shown that smaller mosquitoes are not well represented in blood-fed populations, and has suggested that these smaller adults are not as successful in obtaining a reproductive meal as are larger females. There is usually a period of 1-2 days after adult emergence during which host-seeking does not occur 13, i z9 During this time, the corpora allata produce juvenile hormone, which stimulates ovarian development to the resting stage v6 and makes several other tissues competent to respond to endocrine stimuli that ultimately lead to the later production of vitellogenin 6~'151' 162 Allatectomy at adult emergence prevented egg development in Aedes aegypti, but did not affect biting 113. However, allatectomy of Culex mosquitoes at emergence not only blocked the development of eggs, but also the development of post-emergence biting x28. Allatectomy after the first blood meal also prevented the development of a second biting cycle 126 The restoration of biting behavior when juvenile hormone was applied or active corpora allata were implanted suggested that juvenile hormone induced biting in Culex, although this mechanism was not evident in species of either Anopheles or Aedes 16 . The reasons for the differences among Culex and these other genera for the regulation of biting are not understood 127. In a review of mosquito diapause, Mitchell 132 suggested that since Culex, unlike Aedes, diapause as adults, the allatectomy may have induced a diapause state characterized by the absence of biting. A genetic component to mosquito host-seeking behavior 36,157, 173 and host preference 138 has been identified. Indeed, there is some evidence that population gene frequencies and the resulting feeding behavior of a population can be altered by the phenomenon of 'behavioristic avoidance' in which residual deposits of DDT cause an irritation that may induce mosquitoes to leave a treated area before absorbing a lethal dose 25, 66. However, this mechanism has also been downplayed as a selective pressure on mosquito populations 137
Regulation of behavior during adult reproductive diapause
An adult reproductive diapause results when the immature stages of some species are exposed to shortened photoperiod and reduced temperatures 57,121, 158, 165 allowing them to survive unfavorable winter conditions. The behavioral and physiological changes that distinguish these overwintering inseminated females include a reduced host-seeking and biting drive, gonotrophic dissociation or an ovarian diapause 180, and fat body hypertrophy 131,132 Ovarian diapause can be terminated 164.
and biting restored zs, 130 in these females with the topical application of juvenile hormone mimics. Bowen et al. 1 s showed that diapausing adult mosquitoes displayed a reduced host-seeking response and correlated the absence of this behavior with a reduction in the sensitivity of antennal lactic acid receptors.
Regulation of behavior by an endogenous circadian clock
Mosquito behavior is often governed by an endogenous circadian clock. Most species of mosquitoes show the greatest activity atdusk and dawn 37 ' 77, 78,144,161,169,170 Flight activity and the subsequent host-seeking are controlled by a circadian clock as, 85, but can be modified by blood ingestion and insemination 86,153. Behaviors expressed during circadian activity windows can be influenced by the number of gonotrophic cycles the female Reviews has undergone 4'29'*~ t24-and whether she is infected with parasites ts4,155
Regulation of behavior after feeding
Although adult female mosquitoes require a protein meal for egg maturation, they can survive, but not reproduce, by ingesting carbohydrate. Carbohydrate is also the major source of energy for flight 143. Nectar from flowers commonly serves as a food source in the field 3, ~ 1, 73, but abundant supplies of honeydew may also be important 46'9a. General laboratory observations tend to support the contention that sugar feeding suppresses the subsequent tendency to feed on blood, but the data are conflicting. Clements 34 suggested that the biting drive was independent of nectar feeding, while Christophers 33 reported that sugar deprivation increased biting activity, supported by the studies of Jones and Madhukar 8, who observed that sucrose ingestion reduced the responsiveness of Ae. aegypti to a human host. When given access to a 50 % honey solution, Ae. aegypti were less likely to blood-feed, but Anopheles quadrimaculatus were not affected 62 Once a large blood meal is ingested, the host-seeking behavior of Ae. aegypti is inhibited until eggs are laid.
This behavioral inhibition can be attributed to at least two endogenous mechanisms. The first is dependent upon the midgut distention that occurs after a large blood meal and is referred to as distention-induced inhibition. The second mechanism, oocyte-induced inhibition, only results when egg development is initiated by the blood meal, and in Ae. aegypti, the behavioral inhibition is maintained until oviposition 95. Mosquitoes ingesting blood volun~es below a critical threshold will continue to engage in host-seeking behavior but a behavioral inhibition results if they consume a meal above a certain volume'~% toz, lo4. x2o, 134 ( fig. 1 ). This critical threshold varies with body size; smaller adult females resulting from a sub-optimal larval diet have a lower threshold ( fig. 1 ). All evidence points to an involvement of abdominal stretch receptors in the triggering of this distention-induced inhibition. Host-seeking inhibition results when volumes of saline or even air that are greater than the distention threshold are introduced into the midgut via the anus ( fig. 2) , and behavior can be manipulated by selectively reducing the distention in anterior or posterior abdominal segments 1~ The specific receptors associated with the behavioral inhibition have not been identified. Ventral nerve cord transection in the anterior abdominal segments, which isolates the receptors from the brain and affects other distentionmediated processes such as blood meal volume 75 and diuresis 146,167 does not reduce host-seeking inhibition (Klowden, unpublished data) . This suggests that the innervation of the stretch receptors may originate in the thoracic ganglia or from the stomatogastric nervous system. Although the immediacy of the inhibition suggests a neural mechanism, it is possible that neurohormones released as a result of abdominal stretch might also be responsible. Hours offer blood meal Hours offer 1#1 of blood during egg development, but Anopheles albimanus, which has a smaller midgut capacity, will attempt to refeed sooner ( fig. 3 ; Klowden and Briegel, unpublished data). There is field evidence that blood-fed females may continue to engage in host-seeking behavior 134,168. This departure from the physiological 'rules' that govern the behavior may be explained by at least two circumstances. First, given the defensive behavior displayed by many hosts that mosquitoes feed upon 42, 43, 48, so, 51, instances of multiple feeding may be the result of the failure to initially ingest enough blood to trigger distention-induced inhibition 186. Second, the amount of distention and the rate at which it is reduced is related to aging. In
Ae. aegypti, the host-seeking of older females is terminated after ingesting less blood than when they were younger as a consequence of an age-related reduction in their distention threshold 1~ However, the threshold is restored if these older mosquitoes have undergone at least one prior gonotrophic cycle. In these gonotrophically older females that have matured a prior egg batch, hostseeking behavior also returns more rapidly 97 . The rate at which the blood is digested by an older mosquito is also affected by whether she has completed a prior gonotrophic cycle 19, zo. Consequently, the older segment of a mosquito population, which is of the most epidemiological importance because of the increased opportunities for acquiring parasites, is apparently also the most likely to engage in multiple feeding.
After the blood meal has been digested and oogenesis has been initiated, oocyte-induced host-seeking inhibition suppresses the behavior of females. Because gravid females refrain from host-seeking in the field, sweep net and aspirator trapping generally recover a higher proportion of gravid females than do attractant traps 9, 166. Autogenous species, which do not require blood to mature their first batch of eggs, also show a reluctance to seek a host until the eggs have been deposited t4s. In laboratory tests, Ae. aegypti showed a significant decline in hostseeking at 30 h after blood ingestion, and between 48 and Host-seeking Pre-oviposition bioossoy bioossoy Figure 5 . Effects of hemolymph transfusion on the behavior of nonblood-fed Ae. aegypti. In the host-seeking bioassay, females received 0.5 gl of hemolymph from gravid females at 48 h after they had fed on blood. In the pre-oviposition bioassay, females received 0.5 ~tl of hemolymph from gravid females at 72 h after they had fed on blood.
Redrawn from Klowden and Lea 103 and Klowden and Blackmer 10o.
72 h, less than 10 % of the gravid population responded 103 ( fig. 4 ). This second inhibition is not due to abdominal distention, but apparently occurs in response to a hemolymph-borne factor; hemolymph transfused from gravid insects inhibits the host-seeking behavior of nongravid females 103 ( fig. 5 ). The inhibition occurs by a two-step process: the maturing ovaries first activate the fat body which then appears to produce a behavioral inhibitor 93,101. The inhibition is terminated by nervous signals associated with oviposition 93. Neither the ovarian factor nor the fat body factor has been identified. The ovaries of mosquitoes are known to be endocrine organs 79, 11s and it has been proposed that ovarian ecdysteroids directly suppress host-seeking behavior 6. However, the doses of 20-hydroxyecdysone that inhibited behavior were many times the endogenous levels, suggesting that the behavioral inhibition observed might have been artifactual 92, 94. More convincing is the possibility that ovarian ecdysteroids trigger the fat body The behavioral inhibitor appears to act on the peripheral sensory receptors that detect host stimuli, making them less sensitive. Vertebrates present a complex odor profile to mosquitoes, but only one component, lactic acid, has been examined in detail. The behavioral inhibition during oogenesis paralleled a decline in the sensitivity of antennal lactic acid receptors, and the sensitivity of these receptors in non-gravid mosquitoes was reduced by the transfusion of hemolymph from gravid mosquitoes 41 Other factors can influence the extent of host-seeking inhibition. As discussed previously in the section on distention-induced inhibition, older mosquitoes show differences in their distention thresholds if they have not blood-fed previously. Older mosquitoes also show less oocyte-induced inhibition and are more likely to seek a host throughout their life cycle l~ Whether or not a gravid female is inseminated also affects the extent of oocyte-induced host-seeking inhibition s 9.103,11 z ( fig. 4) . The onset of host-seeking inhibition in a population of virgin Ae. aegypti is delayed and a smaller proportion of the population is inhibited compared to mated females. This may allow for uninseminated females to return to the vicinity of a host for the purposes of mating, since male Ae. aegypti also aggregate near the host so.
The two endogenous mechanisms that inhibit host-seeking behavior, a behavior that is essential for reproduction, may have evolved with the selective pressure of host defensive behavior. Considering that the behavior of a host can pose a significant risk to a small insect attempting to feed upon it 42" 50, 52, 53,105, it is not surprising that mosquito host-seeking would be limited only to periods that can enhance reproductive potential. Although fecundity is related to the size of the blood meat ls3 in Ae. aegypti, once a small meal is ingested, a second blood meal that follows does not supplement the first if it occurs after 14 h 1 ~4. Gravid mosquitoes that ingest another blood meal before their eggs are laid are unable to enhance their fecundity because an oostatic hormone inhibits the maturation, of the remaining, less mature follicles 5s, 12s. Oostatic factors may also prevent the synthesis of trypsin which would limit the availability of precursors for yolk protein 1 s The hypothesis that continued host-seeking and blood ingestion once oogenesis has commenced would not always be reproductively advantageous is strengthened by our recent experiments with the crepuscular feeder, An. albimanus, which is more inclined than Ae. aegypti to seek a host following a blood meal ( fig. 3 ; Klowden and Briegel, unpublished data). For a species like An. albimanus, which has a smaller midgut capacity than Ae. aegypti and which feeds at night on inactive hosts that display less host defensive behavior, there may have also been less of a selective pressure to develop a mechanism for inhibiting host-seeking behavior.
Endogenous regulation of pre-oviposition behavior
Another major change in behavior that favors reproduction following the ingestion of a blood meal is the initiation of pre-oviposition behavior, expressed as an increased response to oviposition site stimuli. Because the larval and adult habitats of mosquitoes differ, a mechanism must exist for re-programming the behavior of the gravid female in order to bring her to an environment suitable for her progeny before egg deposition can occur. Mosquito pre-oviposition behavior was first defined by Klowden and Blackmer 99 and most of the work regarding the mechanisms that regulate this behavior have come from our laboratory. Mosquito oviposition site stimuli have been partially identified 7, s, 59.83.111, 11s, lz2. 147, but they cannot elicit pre-oviposition behavior unless the mosquito has eggs. Using pre-oviposition behavior as a criterion permitted the use of microsurgical techniques that did not prevent a mosquito from responding to site stimuli, but that might have interfered with oviposition behavior. The use of this behavior also made it possible to evaluate whether oviposition site stimuli influenced mosquitoes in the absence of egg development or even prior to ovulation. The mechanisms that regulate mosquito oviposition behavior have previously been examined using egg deposition as a criterion 65'81 and will not be considered here.
Effects of egg development on pre-oviposition behavior
When 0.1% methyl propionate was used as an oviposition site stimulus for Ae. aegypti in a laboratory olfac- Hours after blood meal tometer, initial tests demonstrated that the responses of gravid females significantly differed from non-gravid insects beginning at 72 h after blood was ingested 99 ( fig. 6 ). Therefore, Ae. aegypti pre-oviposition behavior was studied in females that had ingested blood at least 72 h before. They were placed in the olfactometer in the late afternoon, and their orientation towards the pre-oviposition stimulus was recorded the following morning. Once this behavioral assay was established, the nature of the pre-oviposition control mechanism could be examined. It was first determined if pre-oviposition behavior was programmed to occur after blood was ingested or if mature ovaries were also required. Mosquitoes ovariectomized at emergence and fed blood did not engage in pre-oviposition behavior. However, if one of the ovaries was reimplanted before the blood meal, the response was restored even though the ovary was not innervated 99, demonstrating an independence from the nervous system. Pre-oviposition behavior was also unrelated to the number of oocytes that matured, because mosquitoes receiving partial ovariectomies, in which only a small number of follicles were allowed to remain, still engaged in pre-oviposition behavior after blood ingestion. To establish whether or not pre-oviposition was triggered by a hemolymph-borne substance, hemolymph was transfused from gravid females into sugar-fed females. These transfusions induced a significant increase in pre-oviposition behavior compared to controls that received hemolymph from other non-gravid mosquitoes or those injected with saline 99 ( fig. 5 ). Implants of fat body from gravid females also induced pre-oviposition behavior in non-gravid recipients 98. Thus, the two mechanisms that regulate host-seeking inhibition and pre-oviposition behavior apparently both involve an ovarian signal acting on the fat body. Preliminary experiments indicate that the pre-oviposition substance is inactivated by heat and trypsin, suggesting that it is a peptide. Pre-oviposition behavior, like host-seeking inhibition, is terminated by a nervous signal after oviposition occurs 98
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Effects of mating on pre-oviposition behavior
In addition to spermatozoa, male mosquitoes contribute substances from the accessory reproductive gland during copulation. A successful insemination by the male and the introduction of these substances can change the behavior and physiology of the female, resulting in monogamy 39, autogeny 148, and altered circadian flight activity 87, in addition tO the modifications of host-seeking behavior discussed previously. Figure 7 . Model for the activation of pre-oviposition behavior. Female Ae. aegypti must receive exogenous information from the oviposition site, and also endogenous information that eggs are present and mating has occurred before pre-oviposition behavior is initiated.
quently altered within the female. The amino acid sequence of one male-derived protein resembles that of the egg-laying hormone produced by the mollusc Aptysia calif orniea 159 Thus, the female needs at least three pieces of information to initiate pre-oviposition behavior. She must have mature eggs, confirmed by the signal from the ovaries and fat body, she must be mated, verified by the presence of a male accessory gland factor, and her sensory receptors must tell her a suitable oviposition site is nearby, confirmed by the presence of volatile components and visual cues characteristic of these sites ( fig. 7) .
Effects of nutritional state on pre-oviposition behavior
Several studies have shown that sugar ingestion delays the oviposition of mature eggs in CuIex and Aedes mosquitoes 44, s2, 16a. Pre-oviposition behavior was reduced significantly in sugar-fed gravid female Ae. aegypti, and the sugar also had an effect on the non-specific behavior of non-gravid females (Klowden and Dutro, unpublished data). By feeding equivalent volumes of different caloric meals and different calories of sucrose in equivalent volumes, it appeared that sucrose affected pre-oviposition behavior through abdominal distention (Klowden and Dutro, unpublished data).
Population management using behavioral manipulation
There may be some potential for using substances that can specifically alter mosquito behavior in a management program. This strategy might involve the expression or repression of reproductive behaviors at biologically inappropriate times in order to reduce the size of mosquito vector populations. This goal may not be a purely academic one, as there is at least one example of a mosquito parasite that has adopted this tactic. Egerter et aI. 55 found that Ae. sierrensis females infected with the parasitic ciliate Lambornella clarki exhibited what appeared to be oviposition behavior, although the females had been parasitically castrated and had no eggs. Apparently, the ciliate induces pre-oviposition in the mosquito as a means of disseminating its own offspring. At the same time, the parasite also inhibits the host-seeking behavior of the mosquito 54. In the carrot fly, Psila rosae, oviposition behavior was disrupted by fungal infection 56. Egg development induces behavioral changes in a number of other insects 27'8s'177, but the mechanisms governing these changes are not well understood. It is conceivable that natural products could be identified that interfere with the behavior of many different insects and provide a specific means of controlling populations. After they are identified, the challenge will be to develop a method for introducing these substances into the target species.
